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Summary
In order to explore the drought resistance mecha-
nism of grape rootstocks, two grape rootstock species, 
'1103P' (a drought-tolerant rootstock) and '101-14M' 
(drought-sensitive), were treated with moderate water 
deficit (field capacity of 45-50 %). Throughout the ex-
perimental period, the leaves of '1103P' showed a high-
er stomatal conductance (gs), relative water content 
and photosynthetic rate (Pn) than '101-14M', indicating 
'1103P' was more resistant to tolerant than '101-14M'. 
We propose that '1103P' could prevent water loss from 
leaves under drought conditions based on the discover-
ies that '1103P' had higher leaf phytohormone abscisic 
acid (ABA) content and leaf cuticular wax content, and 
smaller stomata aperture than those of '101-14M'. Ad-
ditionally, the activities of H2O2-scavenging enzymes in 
leaves of '1103P' were higher than those of '101-14M' 
under drought conditions, indicating the lipid peroxi-
dation induced by H2O2 of '1103P' was less serious than 
that of '101-14M'. Therefore, better water-saving and 
higher reactive oxygen species (ROS) scavenging abili-
ties contributed together to stronger drought resistance 
of '1103P' than '101-14M'. 
K e y  w o r d s :  ABA; drought; stomata; H2O2; chlo-
rophyll fluorescence; Vitis; cuticular wax.
Introduction
Grapevine (Vitis vinifera) is one of the most economi-
cally important fruits worldwide. However, this crop often 
encounters drought stress in production. Severe water defi-
cit is the main environmental factor limiting plant growth 
and yield, especially in semi-arid regions (Chaves et al. 
2003). Plants have developed various mechanisms to en-
hance their drought tolerance, including changing mor-
phological and physiological traits such as plant structure, 
growth rate, water-use efficiency (WUE), tissue osmotic 
potential, and stomatal conductance (Escalona et al. 2003, 
Sharp et al. 2004, Nemeskéri et al. 2010, Liu et al. 2013).
On the one hand, reducing water loss in plants could 
improve drought resistance. There are two main ways to 
prevent water loss in plants. One is stomatal transpiration, 
and the other is cuticular transpiration (Escalona et al. 
2013). Stomata regulation is one of the key mechanisms 
allowing plants to regulate and optimize evaporative water 
loss (Tombesi et al. 2015). Under drought stress, plants par-
tially or completely close stomata to maintain a favorable 
water balance and limit the carbon gain (Ciais et al. 2005, 
Franks 2013). The phytohormone abscisic acid (ABA) is 
considered a chemical signal to mediate stomata behavior 
during water deficit (Malladi and Burns 2007, Seki et al. 
2007, Speirs et al. 2013, Li et al. 2014). Biochemical and 
genetic studies have suggested that 9-cis-epoxycarotenoid 
dioxygenase (NCED) is the key enzyme in the ABA bi-
osynthetic pathway in plants (Iuchi et al. 2001, Zhang 
et al. 2009). Also, among the five NCED family members, 
NCED3 plays a crucial role in drought-induced ABA bi-
osynthesis (Guo et al. 2015). Leaf cuticular wax content 
(CWC) is an important factor avoiding non-stomatal tran-
spiration, which protects the plants against abiotic and biot-
ic stresses (Xue et al. 2017, Li et al. 2019). Under drought 
stress, cuticular wax is accumulated to reduce water losses 
from non-stomatal evaporation (Bi et al. 2017, Luo et al. 
2019). Many studies indicated that drought-tolerant culti-
vars usually have higher leaf CWC than drought-sensitive 
cultivars (Guo et al. 2016).
On the other hand, plants enhance drought tolerance 
mainly via improving the ability of removing harmful 
substances, such as reactive oxygen species (ROS) (Mit-
tler et al. 2015, Wang et al. 2018), which could induce 
membrane lipid peroxidation, ultimately leading to mem-
brane dysfunction (Li et al. 2011). Drought-stressed plants 
over-produce ROS, and excessive ROS can lead to lipid 
peroxidation, protein degradation, and nucleotide damage 
further inhibiting a wide range of plant cellular processes 
(Xu et al. 2016). Therefore, suppressing ROS production 
or enhancing the capacity for ROS scavenging can weaken 
drought-induced oxidative damage (Hossain et al. 2015). 
H2O2, one of the most important ROS, participates in a se-
ries of processes for plant development, stress responses, 
and programmed cell death (Choudhury et al. 2017), and 
the enzymes of catalase (CAT), peroxidase (POD), and 
ascorbate peroxidase (APX) play an essential role in scav-
enging H2O2. Although responding behavior to drought has 
been investigated in several plant species, the systematic 
drought tolerance mechanism to drought is not yet fully 
understood in Vitis. Here, we used two genotypes of grape 
rootstocks with contrasting responses to drought stress, 
and compared their photosynthetic characteristics, stoma-
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tal behavior, ABA content, the expression of NCED3, H2O2 
content and activities of H2O2-scavenging enzymes under 
moderate water stress conditions. The objective of the 
present work is to uncover the physiological mechanism of 
grapevine to drought by comparing the anatomical, physi-
ological and biochemical processes of two Vitis rootstocks.
Material and Methods
P l a n t  m a t e r i a l :  Plants of '1103 Paulsen' 
(1103P) and '101-14' Millardet et de Grasset (101-14M), 
tolerant and highly sensitive to drought respectively, orig-
inating from different climate regions (Tab. 1), were used 
in this study. The former originated in dry regions, and is 
one of the most drought tolerant grapevine rootstocks. By 
comparison, 101-14M, which thrives in wet habitats, is 
highly resistant to water-logging and shade, but sensitive to 
drought (Li et al. 2019b). One-year-old vines of both root-
stocks were grown in PVC pots (20 cm × 15 cm × 28 cm) 
filled with a 5:1:1 (v:v:v) mixture of forest soil:sand:or-
ganic substrate. Pots were placed in a condition-controlled 
greenhouse (30 ± 2 °C during the day and 25 ± 2 °C at 
night, with relative humidity 50 ± 5 % and natural light 
condition). The plants were watered once every three days 
with half-strength Hoagland nutrient solution before the 
experiments. Standard horticultural practices were fol-
lowed for disease and pest control.
E x p e r i m e n t a l  d e s i g n s :  50 d after planting, 
the plants of each cultivar were divided into two groups: 
control plants were maintained at near field capacity 
throughout, and drought-stressed plants were exposed to 
45-50 % field capacity (Stolf-Moreira et al. 2019). Mois-
ture stress was initiated by withholding irrigation, until soil 
humidity reached 45-50 % field capacity; the control group 
was kept at near field capacity until end of the experiment. 
Pots were weighed twice per day (early in the morning and 
late afternoon) and water was added to maintain the soil at 
the desired values. The experimental design was complete-
ly randomized, with 3 replicates of each group (40 plants 
per replicate). When the soil of drought stressed treatment 
dropped to designated values (45-50 % field capacity), 
then we defined the day as day 0. The third to fifth leaves 
(generated during the experiment) from the top of a stem 
were sampled from both groups between 09.00 and 11.00 h 
on 0, 7, 14, 21, and 28 d. The collected leaves were rapidly 
frozen in liquid nitrogen and stored at -80 °C, which were 
used for measuring the content of ABA, H2O2 content, ac-
tivities of H2O2 -scavenging enzymes, and relative expres-
sion of NCED3.
R e l a t i v e  w a t e r  c o n t e n t :  On day 0, 7, 14, 
21, and 28 of drought treatment, the relative water content 
was computed according to the method described by Gax-
iola et al. (2001). Leaves of each rootstock were excised 
from each treatment group and their fresh weights were re-
corded immediately. After the leaves were floated in deion-
ized water at 4 °C overnight, their rehydrated weights were 
determined. Finally, they were oven-dried at 70 °C for 48 h 
and weighed again. Relative water content was calculated 
as RWC = (fresh weight–dry weight) ⁄ (rehydrated weight–
dry weight).
M e a s u r e m e n t s  o f  p h o t o s y n t h e t i c 
c h a r a c t e r i s t i c s :  The net photosynthetic rate (Pn), 
transpiration (Tr), the intercellular CO2 concentration (gi) 
and stomatal conductance (gs) were recorded between 
09.00-11.00 h, with a portable system (Li-6400; LICOR, 
Lincoln, NE, USA). All measurements were carried out at 
1,500 μmol photons·m-2·s-1. The cuvette CO2 concentration 
was set at 400 μmol CO2·mol
-1 air, with a vapor pressure 
deficit of 2.0-3.4 kPa. For each group, measurements were 
done in fully expanded and fully exposed leaves on day 0, 
7, 14, 21, and 28 of drought treatment. 
D e t e r m i n a t i o n  o f  c h l o r o p h y l l  f l u o -
r e s c e n c e :  Chlorophyll fluorescence parameters were 
measured with a pulse-amplitude modulated (PAM-2500) 
fluorometer (Walz, German). Measurement of chlorophyll 
fluorescence parameters was repeated once for each leaf, 
and five leaves of each treatment were chosen for dark ad-
aptation for more than 30 min. After dark-adapted treat-
ment, the minimal fluorescence (Fo) and the maximal 
fluorescence (Fm) were measured under a low modulated 
light over a 0.8 s period. The maximum fluorescence in 
the light-adapted state (Fm′) was recorded after a second 
saturation pulse. Then, the actinic light (7,000 μmol·m-
2·s-1) turned off and the far-red light turned on for measur-
ing the minimal fluorescence in a light-adapted state (Fo). 
The maximum photochemical quantum yield of PSII (Fv/
Fm), the effective photochemical quantum yield of PSII 
(ΦPSII), and electron transport rate (ETR) were calculated 
according to Wang et al. (2012) and Perez-Martin et al. 
(2014).
Q u a n t i f i c a t i o n  o f  c u t i c u l a r  w a x  c o n -
t e n t :  The method for cuticular wax isolation was per-
formed as described previously by Guo et al. (2016), with 
minor modifications. Five new leaves (3rd to 5th position 
from the top on each plant) were collected from each treat-
ment on day 14 of drought treatment. Wax was extract-
ed by dipping the leaves in 30 mL CHCl3 for 30 s. The 
wax extract was filtered using filter paper and air-dried in 
a desiccator at room temperature until there was no change 
in weight. Subsequently, the leaves were oven-dried for 
24 h at 70 °C. Yield of cuticular wax and dry weight (DW) 
of leaves were determined on an analytical scale with an 
accuracy of 0.01 mg (Sartorius Quintix BP211D, Germa-
T a b l e  1
Origin information for two Vitis rootstocks used in experiments of responses to drought stress
Rootstocks Genetic origin Origin locality Climate Soil type
1103P V. berlandieri × V. rupestris Sicily, Italy Etesian climate sandy and stony soil
101-14M V. riparia × V. rupestris Western France Temperate marine climate Marl loam
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ny). Cuticular wax content (CWC) was calculated using 
the following formula: CWC (mg·g-1) = Extracted wax 
weight/DW.
M e a s u r e m e n t s  o f  l e a f  s t o m a t a l  d e n -
s i t y :  Five new leaves (third to fifth position from the 
top of each plant) were sampled from the control and 
drought-stressed plants of '101-14M' and '1103P' on a 14 d 
of drought treatment. A leaf surface imprint method was 
used (Yu et al. 2008). Briefly, a drop of nail varnish was 
applied to a glass slide, and the adaxial side of a sampled 
leaf was pressed on the glue for about 30 s. The leaf was 
removed and the imprint on the glass slide was observed 
with a light microscope (Olympus BX53F; Tokyo, Japan). 
Five plants per treatment, three leaves per plant and three 
areas per leaf, were examined.
O b s e r v a t i o n s  o f  l e a f  s t o m a t a  b y  s c a n -
n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M ) :  Four 
new leaves (3rd to 5th position from the top on each plant) 
were collected per treatment group for each rootstock on 
day 14 of drought treatment. The samples were immedi-
ately fixed with a 4 % glutaraldehyde solution in 0.1 M 
phosphate-buffered saline (PBS; pH 6.8) to avoid any al-
terations during sample preparation. After being rinsed five 
times with PBS (for 5, 10, 15, 20, and 30 min), they were 
dehydrated in a graded ethanol series, vacuum dried, and 
gold-coated. Samples were scanned on a SU8010 scanning 
electron microscope (JHITACHI Ltd., Tokyo, Japan). Sto-
mata were counted at random in 20 visual sections on the 
abaxial epidermis, and final tallies were used to compute 
their densities. Lengths, widths, and apertures were meas-
ured randomly from 20 stomata on the same specimens, 
using Image J software.
D e t e r m i n a t i o n  o f  A B A  c o n t e n t :  BA 
in frozen levels, collected on day 0, 7, 14, 21, and 28 of 
drought treatment, were measured as described by Zhang 
et al. (2008). Briefly, analyses were performed using an 
Agilent 1290 HPLC system (Agilent Technologies, Bö-
blingen, Germany) (Autosampler, Binary Pump and diode 
array detector) equipped with a reverse phase column (In-
ertsil ODS-3, 250 × 4.6 mm, 5 µm); the injection volume 
was 20 μL and the detection was made at 254 nm. The 
mobile phase was methanol with 0.6 % acetic acid (dis-
solved in re-distilled water) (45:55, v: v); and flow rate, 
0.8 mL·min-1. The compound was identified by comparing 
the retention times with ABA external standards (Sigma, 
St. Louis, MO, USA). The peaks were quantified by an 
external standard method, using the measurements of the 
peak areas and a calibration curve.
H 2 O 2  c o n t e n t  a n d  a c t i v i t i e s  o f  H 2 O 2 
- s c a v e n g i n g  e n z y m e s :  H2O2 was extracted with 
5 % (w/v) trichloroacetic acid and measured as described 
by Patterson et al. (1984). For H2O2-scavenging enzymes, 
0.1 gram of frozen leaf samples were ground in a chilled 
mortar with 1 % PVP, then homogenized with 1.2 mL of 50 
mM potassium phosphate buffer (pH 7.8) containing 1 mM 
EDTA-Na2 and 0.3 % Triton X-100. For the assay of ascor-
bate peroxidase (APX), 1 mM ascorbate was added to this 
mixture. Each homogenate was centrifuged at 13 000 g for 
20 min at 4 °C. The supernatant was used for analysis of 
SOD, POD, and APX. Catalase (CAT) activity was deter-
mined by monitoring the disappearance of H2O2 by meas-
uring the decrease in absorbance at 240 nm (extinction co-
efficient of 39.4 mM-1·cm-1) (Chance and Maehly 1955). 
Peroxidase (POD) was assayed at 470 nm (extinction co-
efficient 25.2 mM-1·cm-1) by using H2O2 and guaiacol as 
the reaction substrates (Chance and Maehly 1955). APX 
activity was monitored as the decrease in absorbance at 
290 nm when reduced ascorbate was oxidized (extinction 
coefficient of 2.8 mM-1·cm-1) (Nakano and Asada 1981).
R T- P C R  a n a l y s i s :  Total RNA was extracted 
from frozen leaves, collected on day 0, 7, 14, 21, and 28 of 
drought treatment, according to the method described by 
Pou et al. (2013). Sequence for primers of VvNCED3 was 
determined according to Zheng et al. (2015). All primers 
have been used in this study are listed in Tab. 2. Poly(A)+ 
RNA was purified with a poly(A)+ PrimeScript™ RT re-
agent Kit with gDNA Eraser (TaKaRa, Japan) according 
to the manufacturer's instructions. Real-time PCR was 
performed on an ABI7500 instrument (ABI, USA) using 
SYBR Green qPCR kits (TaKaRa) according to the manu-
facturer's instructions. To test the suitability of these prim-
ers, the specificity and identity of the reverse transcription 
(RT)-PCR products were monitored after each reaction by 
conducting melting-curve analysis of the products. 
Ubiquitin was used as the reference gene, and relative 
expression data of VvNCED3 gene was calculated as Pou 
et al. (2013). Three independent biological replications 
were performed for each experiment.
S t a t i s t i c a l  a n a l y s i s :  Data were expressed as 
means ± standard deviation (SD). The data were analysed 
by Tukey's tests. A p-value of < 0.05 indicated a significant 
difference.
Results
P h o t o s y n t h e t i c  a n d  R W C  r e s p o n s e s 
t o  d r o u g h t  s t r e s s :  In response to drought stress, 
Pn, gs, gi, Tr were reduced in the stressed plants of both root-
stocks throughout the drought stress period (Fig. 1). In the 
first 7 d, the decline of Pn, gs, gi, Tr on '101-14M' were much 
more rapid than that on '1103P'. More specifically, the re-
duction of Pn, gs, gi, Tr on '1103P' were 53.1, 61.7, 27.8, 
and 47.3 %. While, for '101-14M', the counterparts were 
T a b l e  2
Primers used for quantitative real-time RT-PCR
 Gene  Forward primer (5′ - 3′ )  Reverse primer (5′ - 3′)
 VvNCED3  TTCCCTCACGAGTTCCCTATG  TCCTCTGCAATCTGACACCAAG 
 Ubiquitin  GTGCTGTCAACTGCAGGAAA  GTAGCCATGGCACATCCAAT
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70.0, 71.5, 39.4 and 64.6 %, respectively. Nevertheless, 
throughout the drought stress period, except day 0, '1103P' 
had high reading for all four photosynthetic characteristics.
 LRWC on '1103P' was higher than '101-14M' under 
non-stressed conditions (Fig. 2). Values for this parameter 
on both rootstocks decreased under water stress, while the 
decline rate of  LRWC on '101-14M' was faster than that 
on '1103P'. Moreover, '1103P' had higher LRWC than '101-
14M' under drought stress conditions.
C h l o r o p h y l l  f l u o r e s c e n c e  r e s p o n s -
e s  t o  d r o u g h t  s t r e s s :  The response of Fo, Fv/
Fm, ΦPSII, and ETR to drought conditions for '1103P' and 
'101-14M' plants was shown in Fig. 3. Although, Fo in-
creased, Fv/Fm, ΦPSII, and ETR decreased with contin-
uing drought, and changes of '101-14M' were much more 
rapid than '1103P'. More specifically, compared to control 
(c.f., day 0), Fo on '1103P' increased by 102.0 % on day 
28 and Fv/Fm, ΦPSII, and ETR on '1103P' diminished by 
31.3, 62.4, and 78.0 %, respectively. However, Fo on '101-
14M' increased by 138.0 % and Fv/Fm, ΦPSII, and ETR 
on '101-14M' decreased by 40.9, 81.6 and 89.7 %, respec-
tively. . On the other hand, those changes began at different 
times. For example, the Fo on '101-14M' increased rapidly 
on day 7, while '1103P' began on day 14. Besides, through-
out the drought stress, the Fo on '101-14M' was higher and 
the Fv/Fm, ΦPSII, ETR were lower than those on '1103P'.
L e a f  c u t i c u l a r  w a x  c o n t e n t :  Drought 
stress caused an increase in leaf cuticular wax content on 
both rootstocks (Fig. 4). Whether under non-stressed or 
drought stressed conditions, the leaf cuticular wax con-
tent of '1103P' was higher than for '101-14M'. In addition, 
under drought conditions, cuticular wax content rose by 
38.4 % and 21.2 % in the drought-tolerant and -sensitive 
rootstocks, respectively.
Fig. 1: Changes in net photosynthesis (Pn), transpiration rate (Tr), stomatal conductance (gs), and intercellular CO2 concentration (gi) 
of '1103 P' and '101-14M' under control (CK) and drought conditions. Data are means of 5 replicates ± SD. Different letters denote 
statistically significant differences by Tukey's test (P < 0.05).
Fig. 2: Changes in leaf relative water contents of '1103 P' and 
'101-14 M' under control (CK) and drought conditions. Data are 
means of 5 replicates ± SD. Different letters denote statistically 
significant differences by Tukey's test (P < 0.05).
S t o m a t a l  d e n s i t y  a n d  b e h a v i o r :  Leaf 
lower surfaces were scanned at ×3000 magnification. The 
drought stress caused stomata to close in both rootstocks 
(Fig. 5) Under well-watered conditions, '101-14M' had 
significantly higher stomatal density (Fig. 5A, D), whereas 
the stomata length, width and aperture were almost simi-
lar on both rootstocks (Fig. 5B, C). Stomatal apertures on 
both rootstocks significantly decreased under water stress 
(Fig. 5D). Compared with control, stomatal apertures were 
24.3 % on '1103P' and 40.5 % on '101-14M' (Fig. 5D, 
Fig. 6). Besides, stomata length and width were not signi- 
ficantly affected by the water deficit, except stomata width 
of '1103P' became remarkably smaller compared with the 
control (Fig. 5C).   
 Processes involved in grapevine rootstock drought tolerance 57
A B A  c o n t e n t  a n d  r e l a t i v e  e x p r e s s i o n 
o f  N C E D 3 :  The ABA contents and relative expression 
of NCED3 in leaves of both rootstocks increased, and then 
decreased under the drought treatment, peaking at around 
day 14. Meanwhile, the ABA contents and expression 
of NCED3 in leaves of '1103P' were higher than that of 
'101-14M' under water stressed conditions (except Day 0) 
(Fig. 7A, B). 
H 2 O 2  c o n t e n t  a n d  a c t i v i t i e s  o f  a n t i -
o x i d a n t  e n z y m e s :  Drought stress caused a rapid 
increase of H2O2 contents in both rootstocks leaves, while 
the content on '101-14M' was higher than that on '1103P' 
throughout almost the whole drought period (Fig. 8A). 
Both rootstocks significantly enhanced activities of CAT 
(Fig. 8B), POD (Fig. 8C), and APX (Fig. 8D) under stress. 
The peaking time of CAT and POD activities was at around 
day 14, and the peaking time of APX activity was at around 
Fig. 3: Changes in parameters of chlorophyll fluorescence of '1103 P' and '101-14M' under control (CK) and drought conditions. Data 
are means of 5 replicates ± SD. Different letters denote statistically significant differences by Tukey's test (P < 0.05).
Fig. 4: Leaf cuticular wax content (CWC) comparison between 
'1103 P' and '101-14 M' under control (CK) and drought conditions. 
Data are means of five replicates ± SD. Different letters denote 
statistically significant differences by Tukey's test (P < 0.05).
day 21. However, APX activity was significantly elevated 
throughout the whole drought period compared with the 
control. In addition, the activities of CAT, POD, and APX 
on '1103P' were higher than those on '101-14M' under 
drought stress.
Discussion
There were a variety of mechanisms in plants in re-
sponse to water stress, which might maintain plant function 
in multiple ways (Hoekstra et al. 2001). The adaptive re-
sponses to water deficit include mechanisms to avoid wa-
ter loss, protect cellular components, and repair damages 
(scavengers of toxic oxygen species). However, the mecha-
nisms of how grapevine rootstock coped with drought have 
not been fully clarified. Here we focus on the physiologi-
cal and biochemical processes of two specific rootstocks 
(tolerant and sensitive to drought) to determine the mecha-
nisms of grapevine rootstock under drought stress. 
( 1 )  ' 1 1 0 3 P '  h a d  h i g h e r  a b i l i t y  o f  m a n -
a g i n g  s t o m a t a  b e h a v i o r  i n  c o m p a r i s o n 
t o  ' 1 0 1 - 1 4 M ' :  Stomatal transpiration is one of the 
main ways of plants losing internal water. Their opening 
and closing are controlled by environmental and internal 
parameters (Kolbe et al. 2018), including water deficit. 
Under drought stress, partial or complete stomatal closure 
allows plants to maintain a favorable water balance (Liu 
et al. 2013). Therefore, it is proved that stomatal density 
and behavior have an essential role in determining drought 
tolerance. In this study, '1103P' had smaller stomatal den-
sity and width than '101-14M' under both well-watered 
and drought conditions. Especially, under drought condi-
tions, the closing degree of stomata on '1103P' (75.7 % ) 
was much higher than that on '101-14M' (59.5 %). And this 
might be the reason why '1103P' maintained higher leaf 
RWC under drought conditions. Although the stomata ap-
erture of '1103P' was smaller than that of '101-14M', the 
photosynthetic rate of '1103P' was higher. This might be 
caused by the differences of mesophyll conductance be-
tween '1103P' and '101-14M' (Tomás et al. 2014).
Many studies have confirmed that abscisic acid medi-
ates the stomatal behavior in response to drought by acti-
vating activity of guard cell membrane-localized channels 
and transporters, which decreased guard cell turgor and ul-
timately closing the stomata (Malcheska et al. 2017, Quan 
et al. 2018, Dong et al. 2018). Under drought conditions, 
expression of VvNCED3 (ABA biosynthesis gene) was 
Fig. 5: Effects of drought on stomatal properties of leaves from '1103P' and '101-14M' under control and drought conditions: density 
(A), length (B), width (C), and aperture size (D), Data are means of values from 15 images ± SD. Different letters denote statistically 
significant differences by Tukey's test (P < 0.05).
Fig. 6: SEM images of stomata from leaves of '1103P' and '101-14M': control leaves with open stomata (A, '101-14M' and C, '1103P'); 
closed stomata of leaves exposed to drought stress for 7 d (B, '101-14M' and D, '1103P'). Magnification × 3000, scale bars = 20 µm.
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significantly up-regulated on both rootstocks, and the ABA 
content also elevated. However, the leaves of '1103P' had 
higher ABA contents and NCED3 expression level than 
that of '101-14M', which led to the faster stomata closing 
on '1103P' in response to drought. 
( 2 )  T h e  l e a v e s  o f  ' 1 1 0 3 P '  h a d  h i g h e r 
c u t i c u l a r  w a x  c o n t e n t :  The aerial parts of plants 
are covered with cuticular wax, which controls non-sto-
matal water loss and gas exchange, and protects plants 
from UV irradiation, thus contributing to drought tolerance 
(Kunst and Samuels 2009). Cuticular wax accumulated 
under drought stress in plants, such as wheat, rice, and 
maize (Bi et al. 2017, Xue et al. 2017, Guo et al. 2018, Li 
et al. 2019a). Guo et al. (2016) suggested that drought-tol-
erant wheat cultivars usually have higher leaf cuticular 
wax content (CWC). In this study, '1103P' (drought-tol-
erant cultivar), had higher leaf CWC than '101-14M' (the 
drought-sensitive cultivar) under both well-watered and 
drought conditions, and this helped avoid non-stomatal 
water loss on '1103P' under drought stress.
 ( 3 )  ' 1 1 0 3 P '  h a d  m o r e  a c t i v e  a n t i o x -
i d a n t  e n z y m e s :  Reactive oxygen species (ROS) 
significantly accumulated under abiotic stress conditions, 
which caused oxidative damage and cell death (You et al. 
2015, Nxele et al. 2017). Increasing evidence showed that 
accumulation of ROS damages photosystem II proteins by 
lipid peroxidation (Pospíšil et al. 2017, Guo et al. 2018). 
Therefore, manipulating ROS levels provides an opportu-
nity to enhance plants tolerances to unfavorable environ-
mental conditions (Nxele et al. 2017). Hydrogen peroxide 
(H2O2), one of the most important ROS, participates in a 
series of processes under abiotic stress (Bae et al. 2016, Li 
et al. 2017, Zhou et al. 2018). Drought induced the H2O2 
accumulation in leaves of both '1103P' and '101-14M'. The 
activities of H2O2-scavenging enzymes, including CAT, 
POD, and APX, were also up-regulated. However, the 
activities of those enzymes on '1103P' were higher than 
those on '101-14M', leading to lower leaf H2O2 content 
on '1103P'. Many studies suggested that H2O2 directly in-
volved in the regulation of stomatal movement (An et al. 
Fig. 7: Changes of ABA contents and expression of NCED3 gene in leaves of '1103 P' and '101-14M' under control (CK) and drought 
conditions. Data are means of 5 replicates ± SD. Different letters denote statistically significant differences by Tukey's test (P < 0.05).
Fig. 8: Changes in H2O2 accumulations and activities of antioxidant enzymes in leaves under control (CK) and drought conditions: H2O2 
content (A), CAT activity (B), POD activity (C), and APX activity (D). Data are means of 5 replicates ± SD. Different letters denote 
statistically significant differences by Tukey's test (P < 0.05).
2016, Sun et al. 2017). Li et al. (2014) reported the cor-
relation between elevated H2O2 level and ABA-induced 
stomatal closure. Additionally, photosystem II proteins on 
'1103P' were less damaged under drought stress, and thus 
Fv/Fm on '1103P' was higher. In conclusion, higher ABA 
content, ROS scavenging enzymes activity, and leaf cutic-
ular wax content, and smaller stomatal aperture on '1103P' 
contribute to stronger drought resistance. 
Acknowledgements 
This work was supported by the earmarked fund for Chi-
na Agriculture Research System (CARS-29), innovation project 
fund of Hebei Academy of Agricultural and Forestry Sciences 
(2019-3-4-5), Key research and development projects in Hebei 
province (19226816D).
References
An, Y.; Liu, L.; Chen, L.; Wang, L.; 2016: ALA inhibits ABA-induced sto-
matal closure via reducing H2O2 and Ca
2+ levels in guard cells. Front. 
Plant Sci. 7, 482. DOI: https://doi.org/10.3389/fpls.2016.00482
Bae, E. J.; Han, J. J.; Choi, S. M.; Lee, K. S.; Park, Y. B.; Lee, G. J.; 
2016: H2O2 pretreatment modulates growth and the antioxidant de-
fense system of drought-stressed zoysiagrass and Kentucky blue-
grass. Korean J. Hortic. Sci. Technol. 34, 383-395. DOI: https://doi.
org/10.12972/kjhst.20160039
Bi, H.; Kovalchuk, N.; Langridge, P.; Tricker, P. J; Lopato, S.; Boris-
juk, N.; 2017: The impact of drought on wheat leaf cuticle proper-
ties. BMC Plant Biol. 17, 85. DOI: https://doi.org/10.1186/s12870-
017-1033-3
Ciais, P.; Reichstein, M.; Viovy, N.; Granier, A.; Ogée, J.; Allard, 
V.; Aubine,t M.; Buchmann, N.; Bernhofer. C.; Carrara, A.; 
Chevallier, F.; Noblet, N. De.; Friend, A. D.; Friedlingstein, 
P.; Grünwald, T.; Heinesch, B.; Keronen, P.; Knohl, A.; Krin-
ner, G.; Loustau, D.; Manca, G.; Matteucci, G.; Miglietta, F. J.; 
Ourcival, M.; Papale, D.; Pilegaard, K.; Rambal, S.; Seufert, G.; 
Soussana, J. F.; Sanz, M. J.; Schulze, E. D.; Vesala, T.; Valenti-
ni, R.; 2005: Europe-wide reduction in primary productivity caused 
by the heat and drought in 2003. Nature, 437, 529. DOI: https://doi.
org/10.1038/nature03972
Chance, B.; Maehly, A.; 1955: Assay of catalases and perox-
idases. Methods Enzymol. 2, 764-775. DOI: https://doi.
org/10.1002/9780470110171.ch14
Chaves, M. M.; Maroco, J. P.; Pereira J. S.; 2003: Understanding plant 
responses to drought-from genes to the whole plant. Funct. Plant 
Biol. 30, 239-264. DOI: https://doi.org/10.1071/FP02076
Choudhury, F. K.; Rivero, R. M.; Blumwald, E.; Mittler, R.; 2017: 
Reactive oxygen species, abiotic stress and stress combination. Plant 
J. 90, 856-867. DOI: https://doi.org/10.1111/tpj.13299
Dong, H.; Bai, L.; Zhang, Y.; Zhang, G.; Mao, Y.; Min, L.; Xiang, 
F.; Qian, D.; Zhu, X.;, Song, C.; 2018: Modulation of guard cell 
turgor and drought tolerance by a peroxisomal acetate-malate 
shunt. Mol. Plant. 11, 1278-1291. DOI: https://doi.org/10.1016/j.
molp.2018.07.008
Escalona, J. M.; Bota, J.; Medrano, H.; 2003: Distribution of leaf pho-
tosynthesis and transpiration within grapevine canopies under dif-
ferent drought conditions. Vitis 42, 57. DOI: https://doi.org/10.5073/
vitis.2003.42.57-64
Escalona, J. M.; Fuentes, S.; Tomás, M.; Martorell, S.; Flexas, 
J.; Medrano, H.; 2013: Responses of leaf night transpiration to 
drought stress in Vitis vinifera L. AGR Water Manage. 118, 50-58. 
DOI: https://doi.org/10.1016/j.agwat.2012.11.018
Franks, P. J.; 2013: Passive and active stomatal control: either or both. 
New Phytol. 198, 325-327. DOI: https://doi.org/10.1111/nph.12228
Gaxiola, R. A.; Li, J.; Undurraga, S.; Lien, M. D.; Gethyn, J. A.; Seth, 
L. A.; Gerald, R. F.; 2001: Drought and salt-tolerant plants result 
from overexpression of the AVP1 H+-pump. Proc. Natl. Acad. Sci. 
98, 11444-11449. DOI: https://doi.org/10.1073/pnas.191389398
Guo, J.; Xu, W.; Yu, X.; Shen, H.; Li, H.; Cheng, D.; Liu, A.; Liu, J.; 
Liu, C.; Zhao, S.; Song, J.; 2016: Cuticular wax accumulation is as-
sociated with drought tolerance in wheat near-isogenic lines. Front. 
Plant Sci. 7, 1809. DOI: https://doi.org/10.3389/fpls.2016.01809
Guo, R.; Zhao, J.; Wang, X.; Guo, C.; Wang, Y.; Wang, X.; 2015: Con-
stitutive expression of a grape aspartic protease gene in transgenic 
Arabidopsis confers osmotic stress tolerance. Plant Cell, Tissue Or-
gan Cult. 121, 275-287. DOI: https://doi.org/10.1007/s11240-014-
0699-6
Guo, Y.; Tian, S.; Liu, S.; Wang, W.; Sui, N.; 2018: Energy dissipation 
and antioxidant enzyme system protect photosystem II of sweet 
sorghum under drought stress. Photosynthetica. 56, 861-872. DOI: 
https://doi.org/10.1007/s11099-017-0741-0
Hoekstra, F. A.; Golovina, E. A.; Buitink, J.; 2001: Mechanisms of plant 
desiccation tolerance. Trends Plant Sci. 6, 431-438. DOI: https://doi.
org/10.1016/S1360-1385(01)02052-0
Hossain, M. A.; Bhattacharjee, S.; Armin, S. M.; Qian, P.; Xin, W.; Li, 
H.; Burritt, D. J.; Fujita, M.; Tran, L. P.; 2015: Hydrogen peroxide 
priming modulates abiotic oxidative stress tolerance: insights from 
ROS detoxification and scavenging. Front. Plant Sci. 6, 420. DOI: 
https://doi.org/10.3389/fpls.2015.00420
Iuchi, S.; Kobayashi, M.; Taji, T.; Naramoto, M.; Seki, M.; Kato, 
T.; Tabata, S.; Kakubari, Y.; Shinozaki, K. Y.; Shinozaki, K.; 
2001: Regulation of drought tolerance by gene manipulation of 
9-cis-epoxycarotenoid dioxygenase, a key enzyme in abscisic acid 
biosynthesis in Arabidopsis. Plant J. 27, 325-333. DOI: https://doi.
org/10.1046/j.1365-313x.2001.01096.x
Kolbe, A. R.; Brutnell, T. P.; Cousins, A. B.; Studer, A. J.; 2018: Car-
bonic anhydrase mutants in Zea mays have altered stomatal respons-
es to environmental signals. Plant Physiol. 177, 980-989. DOI: 
https://doi.org/10.1104/pp.18.00176
Kunst, L.; Samuels, L.; 2009: Plant cuticles shine: advances in wax bi-
osynthesis and export. Curr. Opin. Plant Biol. 12, 721-727. DOI: 
https://doi.org/10.1016/j.pbi.2009.09.009
Li, C.; Tan, D. X.; Liang, D.; Chang, C.; Jia, D.; Ma, F.; 2014: Melatonin 
mediates the regulation of ABA metabolism, free-radical scaveng-
ing, and stomatal behaviour in two Malus species under drought 
stress. J. Exp. Bot. 66, 669-680. DOI: https://doi.org/10.1093/jxb/
eru476
Li, J.; Li, Y.; Yin, Z.; Jiang, J.; Zhang, M.; Guo, X.; Ye, Z.; Zhao, Y.; 
Xiong, H.; Zhang, Z.; Shao, Y.; Jiang, C.; Zhang, H.; An, G.; Paek, 
N. C.; Ali, J.; Li, Z.; 2017: Os ASR 5 enhances drought tolerance 
through a stomatal closure pathway associated with ABA and H2O2 
signalling in rice. Plant Biotechnol. J. 15, 183-196. DOI: https://doi.
org/10.1111/pbi.12601
Li, L.; Du, Y.; He, C.; Dietrich, C. R.; Li, J.; Ma, X.; Wang, R.; Liu, Q.; 
Liu, S.; Wang, G.; Schnable, P. S.; Zheng, J.; 2019: Maize glossy6 
is involved in cuticular wax deposition and drought tolerance. J. 
Exp. Bot. 70, 3089-3099. DOI: https://doi.org/10.1093/jxb/erz131
Li, M.; Guo, Z.; Jia, N.; Yuan, J.; Han, B.; Yin, Y.; Sun, Y.; Liu, C.; 
Zhao, S.; 2019: Evaluation of eight rootstocks on the growth and 
berry quality of 'Marselan' grapevines. Sci. Hortic. 248, 58-61. DOI: 
https://doi.org/10.1016/j.scienta.2018.12.050
Li, Y.; Zhao, H.; Duan, B.; Korpelainen, H.; Li, C.; 2011: Effect of 
drought and ABA on growth, photosynthesis and antioxidant system 
of Cotinus coggygria seedlings under two different light conditions. 
Environ. Exp. Bot. 71, 107-113. DOI: https://doi.org/10.1016/j.env-
expbot.2010.11.005
Liu, C.; Li, C.; Liang, D.; Ma, F.; Wang, S.; Wang, P.; Wang, R.; 2013: 
Aquaporin expression in response to water-deficit stress in two 
Malus species: relationship with physiological status and drought 
tolerance. Plant Growth Regul. 70, 187-197. DOI: https://doi.
org/10.1007/s10725-013-9791-x
Luo, Z.; Tomasi, P.; Fahlgren, N.; Haleem, H. A.; 2019: Genome-wide 
association study (GWAS) of leaf cuticular wax components in 
Camelina sativa identifies genetic loci related to intracellular wax 
transport. BMC Plant Biol. 19, 187. DOI: https://doi.org/10.1186/
s12870-019-1776-0
Malcheska, F.; Ahmad, A.; Batool, S.; Müller, H. M.; Müller, J. L.; 
Kreuzwiese, R. J.; Randewig, D.; Hänsch, R.; Mendel, R. R.; Hell, 
 60 Minmin Li et al.
 Processes involved in grapevine rootstock drought tolerance 61
R.; Wirtz, M.; Geiger, D.; Ache, P.; Hedrich, R.; Herschbach, C.; 
Rennenberg, H.; 2017: Drought-enhanced xylem sap sulfate closes 
stomata by affecting ALMT12 and guard cell ABA synthesis. Plant 
Physiol. 174, 798-814. DOI: https://doi.org/10.1104/pp.16.01784
Malladi, A., Burns, J. K., 2007: Communication by plant growth reg-
ulators in roots and shoots of horticultural crops. HortScience. 42, 
1113-1117. DOI: https://doi.org/10.21273/HORTSCI.42.5.1113
Mittler, R.; Blumwald, E.; 2015: The roles of ROS and ABA in sys-
temic acquired acclimation. Plant Cell. 27, 64-70. DOI: https://doi.
org/10.1105/tpc.114.133090
Nakano, Y.; Asada, K.; 1981: Hydrogen peroxide is scavenged by ascor-
bate-specific peroxidase in spinach chloroplasts. Plant Cell Physi-
ol. 22, 867-880. DOI: https://doi.org/10.1093/oxfordjournals.pcp.
a076232
Nemeskéri, E.; Sárdi, É.; Remenyik, J.; Kőszegi, B.; Nagy, P.; 2010: Study 
of the defensive mechanism against drought in French bean (Phase-
olus vulgaris L.) varieties. Acta Physiol. Plant. 32, 1125-1134. DOI: 
https://doi.org/10.1007/s11738-010-0504-z
Nxele, X.; Klein, A.; Ndimba, B. K.; 2017: Drought and salinity stress 
alters ROS accumulation, water retention, and osmolyte content 
in sorghum plants. S. Afr. J. Bot. 108, 261-266. DOI: https://doi.
org/10.1016/j.sajb.2016.11.003
Patterson, B. D.; MacRae, E. A.; Ferguson, I. B.; 1984: Estimation 
of hydrogen peroxide in plant extracts using titanium (IV). Anal. 
Biochem. 139, 487-492. DOI: https://doi.org/10.1016/0003-
2697(84)90039-3
Perez-Martin, A.; Michelazzo, C.; Torres-Ruiz, J. M.; Flexas, J.; 
Fernández, J. E.; Sebastiani, L.; Diaz-Espejo, A.; 2014: Regulation 
of photosynthesis and stomatal and mesophyll conductance under 
water stress and recovery in olive trees: correlation with gene ex-
pression of carbonic anhydrase and aquaporins. J. Exp. Bot. 65, 
3143-3156. DOI: https://doi.org/10.1093/jxb/eru160
Pospíšil, P., Yamamoto, Y., 2017: Damage to photosystem II by lipid per-
oxidation products. Biochim. Biophys. Acta, Gen. Subj. 1861, 457-
466. DOI: https://doi.org/10.1016/j.bbagen.2016.10.005
Pou, A.; Medrano, H.; Flexas, J.; Tyerman, S. D.; 2013: A putative role 
for TIP and PIP aquaporins in dynamics of leaf hydraulic and sto-
matal conductances in grapevine under water stress and re-water-
ing. Plant Cell Environ. 36, 828-843. DOI: https://doi.org/10.1111/
pce.12019
Quan, W.; Hu, Y.; Mu, Z.; Shi, H.; Chan, Z.; 2018: Overexpression of 
AtPYL5 under the control of guard cell specific promoter improves 
drought stress tolerance in Arabidopsis. Plant Physiol. Biochem. 
129, 150-157. DOI: https://doi.org/10.1016/j.plaphy.2018.05.033
Seki, M.; Umezawa, T.; Urano, K.; Shinozaki, K.; 2007: Regulatory met-
abolic networks in drought stress responses. Curr. Opin. Plant Biol. 
10, 296-302. DOI: https://doi.org/10.1016/j.pbi.2007.04.014
Sharp, R. E.; Poroyko, V.; Hejlek, L. G.; Spollen, W. G.; Springer, G. K., 
Bohnert, H. J.; Nguyen, H. T.; 2004: Root growth maintenance dur-
ing water deficits: physiology to functional genomics. J. Exp. Bot. 
55, 2343-2351. DOI: https://doi.org/10.1093/jxb/erh276
Stolf-Moreira. R.; Medri. M. E.; Neumaier, N.; Lemos, N. G.; Pimenta, 
J. A.; Tobita, S.; Brogin, R. L.; Marcelino-Guimarães, F. C.; Ol-
iveira, M. C. N; Farias, J. R. B.; Abdelnoor, R. V.; Nepomuceno, A. 
L.; 2019: Soybean physiology and gene expression during drought. 
GMR, Genet. Mol. Res. 9, 1946-1956. DOI: https://doi.org/10.4238/
vol9-4gmr851
Speirs, J.; Binney, A.; Collins, M.; Edwards, E.; Loveys, B.; 2013: Ex-
pression of ABA synthesis and metabolism genes under different ir-
rigation strategies and atmospheric VPDs is associated with stomatal 
conductance in grapevine (Vitis vinifera L. cv. Cabernet Sauvignon). 
J. Exp. Bot. 64, 1907-1916. DOI: https://doi.org/10.1093/jxb/ert052
Sun, L.; Li, Y.; Miao, W.; Piao, T.; Hao, Y.; Hao, F.; 2017: NADK2 posi-
tively modulates abscisic acid-induced stomatal closure by affecting 
accumulation of H2O2, Ca
2+ and nitric oxide in Arabidopsis guard 
cells. Plant Sci. 262, 81-90. DOI: https://doi.org/10.1016/j.plants-
ci.2017.06.003
Tomás, M.; Medrano, H.; Brugnoli, E.; Escalona, J. M.; Martorell, S.; 
Pou, A.; Ribas-Carbó, M.; Flexas, J.; 2014: Variability of mesophyll 
conductance in grapevine cultivars under water stress conditions in 
relation to leaf anatomy and water use efficiency. Aust. J. Grape 
Wine Res. 20, 272-280. DOI: https://doi.org/10.1111/ajgw.12069
Tombesi, S.; Nardini, A.; Frioni, T.; Soccolini, M.; Zadra, C.; Farinel-
li, D.; Poni, S.; Palliotti, A.; 2015: Stomatal closure is induced by 
hydraulic signals and maintained by ABA in drought-stressed grape-
vine. Sci. Rep. 5, 12449. DOI: https://doi.org/10.1038/srep12449
Wang, J.; Zhang, L.; Cao, Y.; Qi, C.; Li, S.; Liu, L.; Wang, G.; Mao, 
A.; Ren, S.; Guo, Y.; 2018: CsATAF1 positively regulates drought 
stress tolerance by an ABA-dependent pathway and by promoting 
ROS scavenging in cucumber. Plant Cell Physiol. 59,930-945. DOI: 
https://doi.org/10.1093/pcp/pcy030
Wang, Z.; Chen, L.; Ai, J.; Qin, H.; Liu, Y.; Xu, P.; Jiao, Z.; Zhao, Y.; 
Zhang, Q.; 2012: Photosynthesis and activity of photosystem II in 
response to drought stress in Amur Grape (Vitis amurensis Rupr.). 
Photosynthetica 50, 189-196. DOI: https://doi.org/10.1007/s11099-
012-0023-9
Xu, Y.; Burgess, P.; Zhang, X.; Bingru, H.; 2016: Enhancing cytokinin 
synthesis by overexpressing ipt alleviated drought inhibition of root 
growth through activating ROS-scavenging systems in Agrostis sto-
lonifera. J. Exp. Bot. 67, 1979-1992. DOI: https://doi.org/10.1093/
jxb/erw019
Xue, D.; Zhang, X.; Lu, X.; Chen, G.; Che,n Z.; 2017: Molecular and 
evolutionary mechanisms of cuticular wax for plant drought tol-
erance. Front. Plant Sci. 8, 621. DOI: https://doi.org/10.3389/
fpls.2017.00621
You, J.; Chan, Z.; 2015: ROS regulation during abiotic stress responses in 
crop plants. Front. Plant Sci. 6, 1092. DOI: https://doi.org/10.3389/
fpls.2015.01092
Yu, H.; Chen, X.; Hong, Y.; Wang, Y.; Xu, P.; Ke, S.; Liu, H.; Zhu, J.; 
Oliver, D. J.; Xiang, C.; 2008: Activated expression of an Arabi-
dopsis HD-START protein confers drought tolerance with improved 
root system and reduced stomatal density. Plant Cell. 20, 1134-1151. 
DOI: https://doi.org/10.1105/tpc.108.058263
Zhang, M.; Leng, P.; Zhang, G.; Li, X.; 2009: Cloning and functional 
analysis of 9-cis-epoxycarotenoid dioxygenase (NCED) genes en-
coding a key enzyme during abscisic acid biosynthesis from peach 
and grape fruits. J. Plant Physiol. 166, 1241-1252. DOI: https://doi.
org/10.1016/j.jplph.2009.01.013
Zhang, X.; Zhao, Y.; Wang, G.; Chang, R.; Li, C.; Shu, H.; 2008: Dynam-
ics of endogenous cytokinins during phase change in Malus domes-
tica Borkh. Acta Hortic. 774, 29-33. DOI: https://doi.org/10.17660/
ActaHortic.2008.774.2
Zheng, C.; Halaly, T.; Acheampong, A. K.; Takebayashi, Y.; Jikumaru, 
Y.; Kamiya, Y., Or, E.; 2015: Abscisic acid (ABA) regulates grape 
bud dormancy, and dormancy release stimuli may act through mod-
ification of ABA metabolism. J. Exp. Bot. 66, 1527-1542. DOI: 
https://doi.org/10.1093/jxb/eru519
Zhou, Y.; Liu, C.; Tang, D.; Yan, L.; Wang, D.; Yang, Y.; Gui, J.; Zhao, 
X.; Li, L.; Tang, X.;, Yu, F.; Li, J.; Liu, L.; Zhu, Y.; Lin, J.; Liu, 
X.; 2018: The receptor-like cytoplasmic kinase STRK1 phosphoryl-
ates and activates CatC, thereby regulating H2O2 homeostasis and 
improving salt tolerance in rice. Plant Cell. 30, 1100-1118. DOI: 
https://doi.org/10.1105/tpc.17.01000
Received July 8, 2020
Accepted December 18, 2020

